The ratio of carbon accumulation to transpiration, W, of wheat (TInticum aestivum L.) seedlings increased with increasing soil strength, measured as soil penetrometer resistance, and this was already apparent at the two leaf stage. The ratio was negtively correlated with carbon isotope discrimination, in accord with theory. This means that decrease in intercellular partial pressure of C02 accounted for an important part of the increase in W with increasing soil strength. Despite a lower CO2 concentration in the leaves at high soil strength, assimilation rate per unit leaf area was enhanced. Greater ribulose 1,5-bisphosphate carboxyhse activity confirmed that photosynthetic capacity was actually increased. This pattern of opposite variation of assimilation rate and of stomatal conductance is unusual. The ratio of plant carbon mass to leaf area increased markedly with increasing soil strength, mainly because of a greater investment of carbon into roots than into shoots. A strong negative correlation was found between this ratio and carbon isotope discrimination. For a given increase in discrimination, decrease in carbon mass per leaf area was proportionally larger than decrease in assimilation rate, so that relative growth rate was positively correlated to carbon isotope discrimination.
ABSTRACr
The ratio of carbon accumulation to transpiration, W, of wheat (TInticum aestivum L.) seedlings increased with increasing soil strength, measured as soil penetrometer resistance, and this was already apparent at the two leaf stage. The ratio was negtively correlated with carbon isotope discrimination, in accord with theory. This means that decrease in intercellular partial pressure of C02 accounted for an important part of the increase in W with increasing soil strength. Despite a lower CO2 concentration in the leaves at high soil strength, assimilation rate per unit leaf area was enhanced. Greater ribulose 1,5-bisphosphate carboxyhse activity confirmed that photosynthetic capacity was actually increased. This pattern of opposite variation of assimilation rate and of stomatal conductance is unusual. The ratio of plant carbon mass to leaf area increased markedly with increasing soil strength, mainly because of a greater investment of carbon into roots than into shoots. A strong negative correlation was found between this ratio and carbon isotope discrimination. For a given increase in discrimination, decrease in carbon mass per leaf area was proportionally larger than decrease in assimilation rate, so that relative growth rate was positively correlated to carbon isotope discrimination.
to which changes in W can be explained by shoot gas-exchange properties. (See Table I for complete list of nomenclature.)
In a constant aerial environment, variations of W are reflected in the ratio of intercellular to ambient partial pressures of CO2, Pi/Pa (bar/bar). Variation in Pa/Pa was explored by measuring carbon isotope discrimination, A, which gives an integrated measure of this ratio (7, 8, 1 1) over periods of time compatible with growth measurements.
Condon et al. (5) showed that growth of wheat seedlings under well watered conditions was correlated with A. In this paper we analyze the relations of individual components of growth (CO2 assimilation rate, respiratory losses, partitioning of dry-matter) to carbon isotope discrimination, as soil strength varies.
THEORY
Water-Use Efficiency and Carbon Isotope Discrimination. Long-term water-use efficiency is related to average PuPa as follows (12) :
h)Pa ( 1 PPa) 1.6 (ei -ea)
In a previous paper (18) it was shown that increased soil strength decreases shoot growth and stomatal conductance to diffusion of water vapor in wheat seedlings. Soil strength is a concept referring to the mechanical resistance of the soil to deformation by roots. It may be measured using a penetrometer, as the force required to push a steel probe through the soil and is expressed as force per unit basal area of the probe's conical point, often called penetrometer resistance ( 14) . Several (1) where ei(bar) and ea(bar) are the intercellular and ambient water vapor pressures, and X is the proportion of net daytime fixation of carbon in the shoots which is lost by respiration.
Theory on discrimination in leaves of C3 plants (12) predicts that A (a dimensionless measure of the preponderance of 13C in air compared to plant material) is linearly related to Pu/Pa. This theory has received experimental support in various species including wheat (8, 13) , over a range of environmental conditions. The equation as abbreviated by Hubick et al. (17) is: (2) where a and b are the discriminations against '3CO2 during diffusion into the leaf and carboxylation, respectively; d is the decrease in discrimination due to dissolution ofCO2, liquid phase diffusion, respiration, and other processes which are not yet quantified.
The parameters a and b are estimated as 4.4 x I0-and 27 x 10-3, the latter weighted for fixation by P-enol pyruvate carboxylase (13 
The assessment of A and of W for use in Eq. 3 requires comment. Carbon isotope discrimination, A, is defined as A = RaIR, -1 (13) where R is the molar abundance ratio, "3C/'2C, in the air (Ra) and in the plant (R,). Isotopic composition (6) relative to Pee Dee Belemnite (PDB) (ratio Rb) is: 6 = R/Rb- 1. Therefore A = (6a-6,,)/(l + bp). The above definition of A, unlike the difference (6a-6,,) which is sometimes used, makes the measure of discrimination independent of source composition. Part of the structural carbon found in the shoot and roots is carbon which was stored in the seed. Its production was not associated with exchange through stomata of the seedlings. Its isotopic composition, which reflects the environment of the mother plant, may be very different from the isotopic composition of the new carbon produced by current photosynthesis (e.g. in our conditions, 6 (seed) = -24.5 x 10-3 whereas 6 Growth and Carbon Isotope Discrimination. To relate the components of growth to A, it is convenient to express growth rate in terms of and A (mol CO2 m-2 s-'), the rate of CO2 assimilation by the shoot in the light, such as would be measured in a leaf gas-exchange chamber. The rate of increase of carbon mass in the plant, M (mol), is
where s(m2) is the area of photosynthetic tissue; R,L and RrN (mol CO2 s-') are the respiration rates of the roots during the light period (duration L s) and during the night (duration N s), respectively; Rs' (mol CO2 s-') is the shoot respiration rate at night. As the proportion of net daytime shoot fixation of carbon lost by respiration (as in Eq . 1) (4) where p (mol C m-2) is the ratio of total plant carbon, M, to photosynthetic area, s.
Eq. 4 provides a framework for analysis of the relationship of 
MATERIAIS AND METHODS
The data presented in this paper have been obtained on the same plants as those analyzed for growth by Masle and Passioura (18) , except for assimilation rate and RuBP carboxylase activity.
Growth initial value. The soil was covered with beads to reduce water loss from the soil by direct evaporation so that changes in soil strength in the root zone within a day were negligible. Soil strength was measured at sowing using a 600 cone penetrometer of2mm diameter. Expressed as penetrometer resistance, it varied from 1.5 MPa at low B.D., high 0, to 5.5 MPa at high B.D., low 0, in the top 3 cm of the soil.
The soil water potentials across the range of bulk densities were within the ranges: -18 to -30, -35 to -65, and -70 to -100 kPa for 0 = 27, 25, and 22%. Nitrogen and phosphorus fertilizers were incorporated in the soil before packing (125 mg N and 189 mg P per kg soil). Under these conditions, there were no water, nutrient, or oxygenlimitations to growth, over the whole experiment (18) .
The plants were grown at 15C day,13C night, 10 h photoand thermoperiod, and photosynthetic photon irradiance of 550 ,gmol m-2 s-'. Soil temperature was similar for all treatments.
The leaf-to-air water vapor pressure difference (e, -ea) was estimated on two occasions for two extreme treatments, from simultaneous measurements ofleaftemperature and ofdew point temperature of the air (18) . The averaged value for (ei -ea) during the light period was 5 mbar, with a likely uncertainty of 5 to 10% (temperature averaged over five leaves for 1 h). There were three pots per treatment. Four seeds (mean dry weight =40 mg) were sown in each pot at a constant depth. The seedlings were progressively thinned through successive harvests so that mutual shading was negligible.
Plant Dry Weight. Plants were harvested on d 8, 15, and 22 after emergence when they had 1 to 2, 3, and 4 to 5 visible leaves on the main shoot. On d 8 and 15 the aerial part only was harvested (shoot cut at the surface of soil), from one plant in each pot. On d 22 both roots and shoot (cut at the base of the crown) were harvested separately for each of the two remaining plants. Shoot dry weights were measured after oven drying for 48 h at 80C. After washing, the roots were still not perfectly clean ofsoil particles, especially at high soil strength. Dry weights of the roots were therefore obtained from the weight of their organic fraction measured after ashing for 6 h at 600°C, corrected by a factor of 1.2. This factor took into account the inorganic content of root material; its constancy had been established on a subsample of clean roots in a preliminary experiment.
Leaf Area. Before each harvest, the area of each leaf of all plants in a pot was estimated from the product of length and maximum breadth, measured in situ with a ruler, corrected by a factor of 0.84. These data allow us to estimate what proportion of the total water transpired had been transpired by the plants which were harvested on a given day (see below). Figure 1 . in liquid N2. RuBP carboxylase was extracted from these leaves on the following day: 5 to 10 cm2 of blade were ground in a Ten Broeck homogenizer in 5 (Fig. 2) . In Figure 2 , water-use efficiency is calculated on a shoot mass basis. On a whole plant basis the size of the response of W to 9t would be still greater, since plants grown at high strength have a higher root-to-shoot ratio (18; Fig. 6 (5) A similar relation was seen for data obtained during the first 2 weeks of growth. Both assimilation rate, A, (Fig. 5) , and RuBP carboxylase activity (Table III) , increased with increasing penetrometer resistance and hence decreased with increasing A. The ratio (p) of plant carbon to leaf area responded in the same sense (Fig. 6) . Variation of p largely arose from that of the root-to-shoot ratio (Fig. 6 ). In contrast with A and p, the respiratory losses (0) were surprisingly insensitive to changes in soil strength (J Masle, RM Gifford, unpublished data).
DISCUSSION
Effects of Soil Strength on W. Variation in the ratio ofcarbon accumulation to water use of whole wheat plants occurs among genotypes and with restricted water supply (13, 16) . The data obtained in our study show that soil strength also affects W. As penetrometer resistance increased from 1.4 to 5.5 MPa, W increased from 4.5 to 8 mmol C/mol H20. The the leaf level has been confirmed at the whole plant level (J Masle, RM Gifford, unpublished data). It implies that mesophyll photosynthetic capacity per unit leaf area was actually greater in the small plants grown at high soil strength as confirmed by the measurements of ribulose biphosphate carboxylase activity. The assimilation rates per unit leaf area (A) may be calculated from these activities using the model of Farquhar et al. (9) and from estimates of intercellular CO2 partial pressure (Table II) (5) (Fig. 4) . Note that W = 0 corresponds to A = 26 x 10-3, in both cases. With d = 3 x 10-' as estimated previously (8) Another way of comparing the results of the present experiment with those in the literature is to consider the product, k, of Wand ei -ea. This removes the inverse dependence of Won (e, -ea). From its definition, k has convenient units of mbar. mmol C/mol H20 (= Abar mol/mol). As seen from Eq. 1, and shown by KT Hubick and GD Farquhar (unpublished data), k is a scaled measure of (Pa -pi), so that it can also be expressed in ybar. With ei -ea being 5 mbar, k here ranges from 22.5 to 40 ,ubar. These values are similar to those observed in wheat (32 obar [211) and in well-watered barley genotypes (22) (23) (24) (25) (26) (27) (28) (29) (30) ubar, KT Hubick, GD Farquhar, unpublished data).
Carbon Isotope Discrimination and Plant Performance. Carbon isotope discrimination (and Pi/Pa) decrease with increasing soil penetrometer resistance, because of both an increase in photosynthetic capacity and a decrease in stomatal conductance. The variation in capacity is predominant so that assimilation rate is actually higher in plants grown at high soil strength.
Nevertheless, these plants are always the smallest. In part this is because of much slower initial growth in the first few days following germination (cf large differences in leaf size 2 d after emergence [ 18] ), at a stage when the photosynthetic contribution is very small. But growth rate was also checked at later stages, as shown in Figure 7 , where relative growth rate, r, between d 15 and d 22 is plotted as a function ofincreasing A which correlates with decreasing soil resistance.
Eq. 4 provides insight into the positive relationship between r and A. When 4 is taken as 0.32 and A and p are expressed as functions of A using the regression equations from Figures 5 and  6 , respectively, r is given by 0.82 x I0 (35.6 -A x 103)/(29 -A x 103). The latter formulation is represented by the dashed line in Figure 7 . Relative growth rate is positively related to A because a given increase in A is associated with a relatively greater decrease in p than in A.
These results point to the importance of considering plant morphology (total carbon accumulation versus leaf area expansion), as well as leaf gas-exchange properties when analyzing the relation between plant performance and carbon isotope discrimination. We do not know how common the negative correlation between p and A is, but it may have contributed to the positive relationship between plant mass and A reported for well watered wheat genotypes (5). One might not expect the relation between carbon partitioning and carbon discrimination to be stable across all environments. Indeed, the relation shown in Figure 6 was broken when we included plants of a separate experiment, grown in soils of similar strengths as in the present experiment, but under low phosphorus availability. Masle and Passioura (18) suggest that changes in hormonal balance may cause the early responses of growth to increased soil strength. These changes may also cause the negative relation between p and A, since several hormones, including cytokinins and abscisic acid, are known to affect both leaf gas exchange and carbon allocation.
The syndrome of stomatal closure and preferential allocation of carbon to the roots rather than to the leaves is similar to that observed under drought. Cowan (6) has developed a hypothetical treatment of the optimal allocation of carbon between root and shoot in relation to the marginal cost to the plant, dE/dA, in terms of water use (E), of acquiring carbon (A). He showed that for a given average value of r there is a minimum probability of desiccation, which corresponds to a particular value of p. As r increases (and therefore dE/dA, pi, and A also), this probability increases, and the optimum value ofp decreases. This, then, may provide a theoretical basis for predicting a negative relation between p and A. In our conditions, it is not water deficit that causes the pattern of reduced conductance and increased allocation of carbon to nonphotosynthetic organs. The effects of soil strength on stomatal conductance and growth analyzed in the present study occurred before any sign ofwater stress in the plant (18; J. Masle, JB Passioura, unpublished data). But Figure 6 , is 24.7 x 10-3. To conclude that this agreement is not only interesting, but significant, would require more data on a range of species and obtained where water deficits occur, in natural situations.
